Introduction
The self-assembly of molecular building blocks into highlyordered nanoarchitectures on well-defined surfaces is an important approach towards the creation of novel materials with outstanding properties [1] [2] [3] [4] [5] [6] [7] . For such a bottom-up strategy, the investigation of the adsorption behaviour of large organic molecules on single-crystal metal surfaces has become a fast growing field in surface science 2, [5] [6] [7] [8] . Firstly, one gains insight into the interaction between complex organic molecules and solid substrates, which is a key issue for the development of functional interfaces and plays an essential role in the engineering of nanoscale architectures on surfaces. Secondly, it opens up a new avenue to gain deeper insight into fundamental properties and thus the functionality of the utilized molecular building blocks. In this respect, scanning tunnelling microscopy (STM) is a powerful tool to investigate such systems in real space 7, [9] [10] [11] . One important group of such organic molecules are porphyrins, which have numerous technological applications due to their versatile functionalities and distinct chemical and physical properties 12, 13 . During the past few years, extensive attention has been paid to porphyrins self-assembled on metal surfaces in order to gain more information about their electronic properties, inherent conformational flexibility and reactivity 4, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . It has been demonstrated that the adsorption behaviour of porphyrins, such as intramolecular conformation and supramolecular arrangement, is strongly dependent on the actual substrate 5, 21, 28 , the coverage of these molecules 22 , the surface temperature 4, 23, 29 and the functional side groups of the porphyrin macrocycle 5, 24, 30, 31 . Generally, the adsorption behaviour is determined by the subtle balance between molecule-molecule and moleculesubstrate interactions. For instance, individual 2H-tetraphenylporphrin (2H-TPP) molecules can be observed by STM on Cu(111) even at room temperature, due to the strong molecule-substrate interaction in between the iminic nitrogen atoms of the porphyrin and the Cu atoms of the substrate 21, 32 . In contrast, on Ag(111) supramolecular arrangements of 2H-TPP are formed, which is caused by the T-type intermolecular interactions between the peripheral phenyl substituents of neighbouring molecules 28, 33 . Alternatively, by appropriate functionalization of the tetrapyrrole ring of porphyrin, the molecule-molecule and molecule-substrate interactions can be effectively tailored. For example, porphyrins anchored with carboxyl groups form two-dimensional hydrogen-bonded networks, which are quite different from the close-packed arrangement without hydrogen bonds 25 . In addition, an unprecedented type of linking is found between porphyrin molecules functionalized with methyl groups 24 . For a more general understanding, it is therefore of great importance to design novel porphyrin derivatives with different functional groups and to investigate their adsorption behaviour, in order to gain insight into the influence of these substituents on the selfassembly process, the electronic properties and the bonding mechanisms.
In this work, we present a detailed investigation of the selfassembly and temperature-dependent conformations of Ni(II)-meso-tetrakis (4-tert-butylphenyl) benzoporphyrin (Ni-TTBPBP) on Cu(111) by STM. Figure 1 shows the chemical structure of Ni-TTBPBP, in which four tert-butyl phenyl (tBP) groups and benzene rings are substituted to the meso-and β-positions of a central porphyrin macrocycle, respectively. Our experimental results demonstrate that upon deposition at room temperature, Ni-TTBPBP molecules self-assemble into largearea supramolecular domains with a square unit cell, due to van der Waals forces between the adjacent tBP groups of neighbouring molecules. Notably, upon moderate annealing the intramolecular conformation changes significantly, which can mainly be attributed to the intramolecular aryl-aryl coupling reaction of Ni-TTBPBP. 
Experimental and Computational Details
The experiments and sample preparations were performed in a two-chamber ultrahigh vacuum (UHV) system with a base pressure of ~10 -10 mbar. The microscope is an RHK UHV VT STM 300 with RHK SPM 200 electronics. The STM images were acquired at room temperature (RT) or at 200 K in constant current mode with a Pt/Ir tip. The given bias voltages refer to the sample. The STM images were processed with WSxM software and moderate filtering (Gaussian smooth, background subtraction) was applied for noise reduction 34 . The Cu(111) single crystal was prepared by repeated cycles of Ar + sputtering (500 eV) and annealing to 850 K. The Ni-TTBPBP molecules were deposited onto the Cu substrate at RT by thermal sublimation from a home-built Knudsen cell at 690 K. The <110> axes of the Cu(111) surface were determined by depositing 2H-TPP on Cu(111), because the azimuthal orientation and diffusion path of 2H-TPP at RT coincides with the crystallographic directions of Cu(111) 21 . The coverage of the Ni-TTBPBP monolayers on the Cu substrate was determined by STM and corresponded to 0.022 ML (1 ML defined as one molecule per atom of the substrate surface). Gas phase model structures of Ni-TTBPBP and its dehydrogenated congeners (cf. Figure 6 ) have been optimized using densityfunctional theory with the Turbomole program 35, 36 using the exchange-correlation functional due to Becke and Perdew in combination with the D3 van der Waals dispersion correction due to Grimme 37 and the def2-SV(P) basis set on all atoms. All optimized structures have been verified as true minima in the gas phase.
Results and discussion
To begin with, we briefly discuss the coverage-dependent adsorption behaviour of Ni-TTBPBP on Cu(111) at room temperature. A typical STM image of Ni-TTBPBP molecules at low coverage, which is 0.001 ML (5% of a full monolayer), is shown in Figure 2a : the previously featureless substrate steps are decorated with Ni-TTBPBP molecules, which can be discerned as single dots, with an intermolecular distance of ~1.6 nm, i.e. in the order of the size of the molecule. This observation evidences that at RT the molecules are mobile enough to diffuse to the step edges; such a step decoration is frequently reported for metal-tetraphenylporphyrin (M-TPP) on single-crystal metal surfaces 14, 21, 33 . Upon increasing the Ni-TTBPBP coverage to ~0.007 ML (32% of a full monolayer), in Figure 2b small two-dimensional (2D) islands are observed along the step edges, indicating that the molecules at the step edge act as nucleation points. Occasionally, small islands are also observed away from the step edges (indicated with a white circle), probably due to pinning at defect sites. At ~0.013 ML (59% of a full monolayer), 2D long-range ordered islands with a square lattice self-assemble on the surface, as shown in Figure 2c . In addition to the islands, stripy features are observed, mainly along the scanning direction (see bottom of Figure 2c ). They are attributed to fast diffusing molecules (much faster than the STM scanning speed) in a 2D gas phase of Ni-TTBPBP coexisting with the 2D islands 33, 38 . The existence of the 2D gas phase is confirmed by time sequences of STM images, which show attaching and detaching molecules at the island border.
When increasing the coverage to 0.022 ML (corresponding to a closed monolayer), the Cu(111) surface is completely covered by a well ordered Ni-TTBPBP layer with a square lattice; see Figure 2d . The Ni-TTBPBP molecules rarely adsorb on top of each other until the coverage exceeds one monolayer, confirming their high mobility at RT. The small number of depressions in the 2D islands under the given measurement condition probably originate from metal-free TTBPBP molecules, which are most likely already present in the Ni-TTBPBP material before evaporation onto the substrate 33, 39 . As next step, we analyse the intramolecular conformation of Ni-TTBPBP on Cu(111). Figure 3a shows a high resolution STM image of one domain of the well-ordered Ni-TTBPBP molecules on Cu(111) at a coverage of ~0.022 ML. All molecules in a unit cell (domains) have an identical orientation, and the side length of the lattice vectors of the supramolecular assembly are b 1 = 1.64 ±0.02 nm and b 2 = 1.67±0.02 nm, with an angle of γ = 90°±1° between the two vectors, i.e. a square order within the margins of error. Figure 3b shows an enlarged section of the image depicted in Fig 3a. The molecules appear with a depression in the centre, along with two bright protrusions and four peripheral dim protrusions forming a square. The observed molecular appearance is found to be mainly independent of the polarity and value of the bias voltage in the range of -1.0 V to +1.4 V. Therefore, it is reasonable to assume that the appearance of Ni-TTBPBP on Cu(111) in STM is dominated by the topography of the molecule and not by its electronic structure 21, 40, 41 .
To facilitate the identification of intramolecular features, the STM image in Figure 3c is superimposed with scaled models of Ni-TTBPBP. The intramolecular conformation of the molecular model was optimized in the gas phase, i.e. without accounting for interactions with the Cu substrate. Figure 3d shows the gas phase geometry with the following parameters: the twist angle of phenyl rings is roughly 45°, and the two pairs of opposite benzene rings are bent towards the surface or away from the surface by about 30°. Inspection of the optimized gas phase geometry (see the SI for details and atomic Cartesian coordinates) strongly suggests that the benzene rings highlighted yellow in Figure 3c will remain the most elevated part of the molecule even on the surface due to intramolecular steric repulsions with the adjacent phenyl rings. Based on this consideration along with the perfect fit of the superimposed models and the discussed domination of the topography contrast in STM, the two bright protrusions in the STM images are assigned to the upward bent benzene rings. In the following the symmetry axis through the upper benzene rings as indicated in Fig. 3c is referred to as the molecular axis. In addition, four dimmer protrusions are found in the ST micrograph at the position of the tert-butyl groups (marked red).
As mentioned above, the Ni-TTBPBP molecules form a well-ordered layer with a square unit cell with a lattice constant of ~1.6 nm. The molecular axes (through the upper benzene rings) exhibit an azimuthal angle of -15° or +15° with respect to the lattice vector b 1 of the unit cell. As a consequence, for each unit cell two different supramolecular arrangements are possible. These two different ordered structures can be transferred into each other only by a mirror operation (note that in this consideration the substrate is neglected). This property is referred to as organizational chirality, and was reported before for other porphyrin derivatives on metals surfaces 25, 33, 42, 43 . Overall, the adsorption behaviour of Ni-TTBPBP on Cu(111) thus can be regarded as another example of supramolecular chirality formed by non-chiral molecules and non-chiral surface. Identical azimuthal orientations of the individual molecules in respect to the supramolecular unit cell (-15° and +15°) have also been observed for tetraphenylporphyrins (TPPs) on coinage metal (111) surfaces 16, 21, 33 . Please note that while in some of the cited works the azimuthal angle is given as 30°, the actual orientations are identical since the molecular axis was defined differently in these cases. For TPPs, the supramolecular arrangement is governed by so-called T-type interactions between the phenyl rings of neighbouring porphyrins. Thereby the 4-position of one phenyl group points directly to the centre of a phenyl group of a neighbouring molecule. Since in Ni-TTBPBP one tert-butyl group is attached to the 4-position of each phenyl ligands, the T-type interaction cannot occur. From the molecular arrangement shown in Figure 3c , we instead propose that the attractive intermolecular interactions stabilizing the structure are caused by van der Waals forces between the tBP groups and possibly phenyl groups of neighbouring molecules 44 . After discussing the intramolecular conformation and intermolecular interaction of Ni-TTBPBP on Cu(111), we address the orientation of the unit cell and of the individual molecules in respect to the Cu substrate. In our STM images, we observe that the lattice vectors b 1 of the square unit cells are rotated by +15° or -15° with respect to the <110> high symmetry directions (close packed rows) of the substrate. Considering the substrate symmetry, this leads to 3 square unit cells, rotated to each other by 120° (or 30°); these three different unit cells are observed in STM images without submolecular resolution (not shown). Since the molecular axes (through the upper benzene rings) of the molecules in the unit cell are oriented +15° or -15° relative to the vector b 1 (see above), that is along the <110> and <211> substrate azimuths, the number of non-equivalent unit cells doubles to 6. If we, in addition, also allow that the molecular axis of molecule in the unit cell is rotated by 90° (that is +15° or -15° relative to the vector b 2 ), we altogether expect 12 different domains, 9 of which have actually been observed; for an overview of the 12 structures and the corresponding STM images see Figures S1 and S2 in the SI.
As illustrative example, a typical STM image of Ni-TTBPBP on Ni(111) at a coverage of ~0.013 ML is depicted in Fig 4a, with two domains separated by a step edge. Figure 4b and c depict zoom-ins of these two domains. The b 1 unit cell vectors (denoted as green arrows) are rotated by 60° with respect to each other, with both unit cells aligned +15° relative to the <110> directions of the Cu(111) surface (red arrows). Interestingly, the two domains have different chirality, that is, in (b) the molecular axes are rotated -15° (counter clockwise) to the b 1 vector while in (c) they are rotated +15° (clockwise). As a consequence, the molecular axes in (b) are aligned along the <110> direction, whereas in (c) they are rotated by 30°, that is, they are aligned along the <211> direction (see dashed red lines).
To discuss the specific orientations in more detail, tentative models are depicted in Figures 4d and 4e , reflecting the experimental findings in the neighbouring column. Since the adsorption site cannot be determined from our RT STM images, the metal centres of Ni-TTBPBP molecules were arbitrarily placed on hollow sites. In Figure 4d , the molecular axis through the upper benzene rings (indicated in yellow) is aligned along one of the <110> directions and in Figure 4e the other molecular axis (through the lower benzene rings) is aligned in this direction; in other words, the molecule is rotated by 90° (or 30°). Both orientations were found with equal probability when analysing numerous STM images (totally ~2 000 molecules were counted). In each geometry, one of the two connection lines of two opposite nitrogen atoms within the macrocycle coincides with the corresponding symmetry axes, indicating a clear energetic preference for this orientation. This could be due to an attractive interaction between the nitrogen atoms and the substrate Cu atoms; alternatively, one could also envisage that the specific registry of tert-butyl groups with the substrate contributes to the preference of the two specific orientations.
Next, we will focus on thermally induced conformational changes of Ni-TTBPBP on Cu(111). Figure 5a and 5b show the STM images acquired at RT after annealing ~0.022 ML Ni-TTBPBP at 400 K for 10 min. Interestingly, the supramolecular order with a square unit cell described above is not observed anymore, but instead domains with an oblique unit cell are found. Within these ordered domains, molecules with three different distinct appearances (motifs) can be clearly distinguished. These are marked by coloured squares in the insert of Figure 5b : motif 1 with two bright protrusions (black), motif 2 with one bright protrusion (yellow,) and motif 3 with four dim protrusions (red). Among them, motif 1 represents the intact molecule just as before annealing, while motif 2 and 3 are new species found after annealing. If we further heat the sample to 450 K, practically almost all molecules exhibit motif 3 (not shown here), which indicates that motif 2 is an intermediate state to motif 3 during annealing.
When applying the same annealing procedure (10 min @ 400 K) to a lower Ni-TTBPBP coverage of ~0.013 ML, similar changes are found; however, the number of modified appearances, that is motifs 2 and 3, is significantly larger than for the full monolayer. The corresponding STM images are depicted in Figure 5c and 5d (measured at 200 K because of the higher molecular mobility at lower coverage). Again, the coloured squares in Figure 5d highlight the three distinct motifs. For both coverages (0.013 ML and 0.022 ML), the supramolecular domains after annealing have practically the same order, and the corresponding lattice vectors are c 1 = 1.72 ±0.02 nm and c 2 = 1.73±0.02 nm, with an enclosed angle of γ = 104°±1° (indicated in Fig. 5d ). Individual molecules within this long-range ordered oblique arrangement are orientated with their molecular axis along the close-packed <110> substrate orientation (c.f. Fig. 5d ). Therefore, 6 different domains should be formed if we further consider the molecular arrangement in the supramolecular structure, two of which can be observed on the upper part of Figure 5c . The different unit cells, square vs. oblique, for the supramolecular structures before and after annealing, respectively, indicate a change of the moleculemolecule and/or molecule-substrate interactions, which possibly originates from the change of intramolecular conformation 23, 45 . In addition, the area of the oblique unit cell (2.87±0.08 nm 2 ) slightly increases compared with that of square unit cell (2.74±0.07 nm 2 ). First, the nature of the thermally induced intramolecular modifications will be discussed before the coverage dependent yields will be addressed. The catalytic dehydrogenation of organic compounds by Cu is a well-known process in chemistry 46 . Recently, the dehydrogenation of porphyrin molecules on Cu surfaces has been reported. For example, Haq et al. proposed that on Cu(110) dehydrogenation of neighbouring porphyrins at elevated temperatures occurs 47 . Moreover, Vörden et al. demonstrated that the Cu(111) surface induced the transformation of octa-ethyl-porphyrin to tetra-benzo-porphyrin with an activation energy of ~1.2 eV 48 . Most relevant are the findings by Xiao et al., who reported that the stepwise dehydrogenation of 2H-TPP on Cu(111) can be realized by annealing the sample at 400-500 K 23 ; later on, Röckert et al. proved that this reaction depends on the surface coverage 45 . Based on the overall similarity of 2H-TPP and Ni-TTBPBP, and the very similar changes in the STM images, we suggest that the change of intramolecular conformation for Ni-TTBPBP on Cu(111) after annealing is mainly induced by the dehydrogenation of neighbouring carbon atoms (in the same molecule) along with the formation of new intramolecular C-C bonds. Figure 6 depicts zoom-in ST micrographs of the three different motifs after annealing along with the proposed structural models. The geometries of the molecular models were optimized for the gas phase, without considering the interaction with the substrate (see experimental part). As discussed above, motif 1 corresponds to the intact Ni-TTBPBP molecule, with the two bright protrusions and four dim protrusions corresponding to the two upward benzene rings and four tert-butyl groups, respectively. For motif 2, only one of the two dominant protrusions is visible anymore, while there is no apparent change to the four outer dimmer protrusions. Reconsidering that the ST micrographs mainly reflect the topography of the molecule one concludes that one half of the molecule is somewhat lowered after the annealing step. This can be realized by a lowering of one of the two upward benzene rings through partial dehydrogenation of the latter and the neighbouring phenyl groups, with a subsequent formation of C-C bonds between them; this is schematically shown in Figure 6b , where the red ellipses highlight the newly formed C-C bonds 23, 45 . Upon formation of such C-C bonds with both phenyl neighbours, the upward benzene ring and the involved phenyl rings fuse and "relax" to an orientation parallel to the surface. Consequently, the height of the fused benzene ring is lower than that of the tert-butyl groups, and therefore, the benzene ring cannot be observed in the STM image anymore. In contrast, the other upward benzene ring still exhibits a large tilt angle, and consequently, there is no conformation change and thus no change in the ST micrograph on this side. Aihara et al. reported on a similar structure achieved by thermal activation of the two alkynes of 2,3-dialkynylporphyrin in solution to undergo Bergman cyclization and subsequently form C-C bonds with two adjacent phenyl rings 49 . As for motif 3, a similar dehydrogenation step occurs successively at the remaining upward benzene ring; as a result, both benzene rings are lowered with respect to the surface and only four dim protrusions can be imaged (Figure 6c) . One might anticipate that partial dehydrogenation might also occur on the downward benzene rings and consequently intramolecular C-C bonds can be formed between the fused phenyl rings and the downward benzene rings. However, in that case the molecule exhibits a pronounced bowl-like shape in the gas phase (see Figure S3 in the SI), which is not in agreement with our experimental observations. In particular, the asymmetric appearance of the molecule in Fig. 6c indicates that indeed the lower benzene rings remain "unfused". A similar square structure was also reported for 2H-TPP on Cu(111) after partial dehydrogenation 23, 45 . There, in the course of the dehydrogenation reaction of 2H-TPP, one phenyl group fuses with only one neighboring pyrrole ring in a specific fashion. We propose a similar dehydrogenative intramolecular aryl-aryl coupling reaction. Recently, similar thermally induced aryl-aryl coupling reactions have also been reported for gas-phase polycyclic aromatic hydrocarbons 50, 51 . Compared to these reports, the required temperature for the reaction in the present case is comparably low (only ~400K), which is attributed to the catalytic role of the Cu substrate 52, 53 . It is important to note that the annealing temperature of about 400 K, which is necessary to initiate the dehydrogenation reaction on Cu(111), is much lower than the temperature of the Knudsen cell used to thermally evaporate the molecules onto the surface (about 690 K), which again underlines the catalytic activity of the substrate.
Finally, we will discuss the influence of initial coverage on the annealing behaviour of Ni-TTBPBP on Cu(111). By comparing the annealing behaviour of Ni-TTBPBP at coverages of ~0.022 vs. ~0.013 ML (Figure 5a and 5c), we find that the yield for transformation to motifs 2 and 3 is higher for the lower coverage. Table 1 summarizes a statistical analysis of the different motifs (in total more than 4 000 Ni-TTBPBP molecules were counted) achieved at different annealing temperatures (400 and 450 K; both for 10 min) and initial coverages (0.022 and 0.013 ML). After annealing at 400 K, higher transformation yields are observed for the lower initial coverage, that is, 99.5% for 0.013 ML vs. 82.9% for 0.022 ML. Intriguingly, the percentage of motif 3 also decreases with increasing initial coverage from 87% for 0.013 ML to 41% for 0.022 ML. For comparison, after annealing at 450 K, the molecules practically completely transform to motif 3 for both coverages, with values 98% for 0.013 ML and 97% for 0.022 ML. Based on these observations, we state that the intramolecular dehydrogenation of Ni-TTBPBP on Cu(111) is coverage-dependent, with a lower yield at higher initial coverage.
Interestingly, a coverage-dependent dehydrogenation was also reported for Cu-TPP on Cu(111); the authors attributed this behaviour to a stabilizing effect of T-type interactions within the Cu-TPP islands formed at high coverage 45 . A similar explanation is also applicable to our experimental results. Because of the comparably weak molecule-substrate interaction, Ni-TTBPBP molecules are very mobile on Cu surface (note the required reduced STM acquisition temperature in Fig. 5 c and d) and they are present as a 2D gas that coexists with ordered islands below saturation of the monolayer 21, 23, 33 . The Ni-TTBPBP islands are stabilized by van der Waals interactions between neighbouring tert-butyl groups. Thus for the saturated monolayer dehydrogenation is less likely than in presence of a 2D gas phase. Furthermore, assuming that the dehydrogenation is catalysed by the Cu substrate, a reduced substrate C-H bond distance, which is certainly easier realized in the dynamic situation of the 2D-gas phase, promotes the reaction 45 .
Conclusions
We have systematically investigated the adsorption behaviour and thermally induced transformation of Ni-TTBPBP on Cu(111) by means of STM. The characteristic supramolecular structure of Ni-TTBPBP is formed by the intermolecular van der Waals interactions, mediated by the tert-butyl groups of neighbouring molecules. Upon moderate heating, two irreversible intramolecular conformational changes are observed, which are caused by thermally induced intramolecular aryl-aryl dehydrogenation reaction. Moreover, this intramolecular structural change becomes slower at higher initial coverage, mainly because of the formation of large-area Ni-TTBPBP islands at that coverage. Our results are of great importance for a better understanding of the growth behaviour of benzoporphyrin family on metal surfaces and may shed light on tailoring the molecular properties via dehydrogenative intramolecular aryl-aryl coupling reaction. Table 1 . Occurance of the different motifs in percent (%), for different initial coverages, θ, after annealing for 10 min at different temperatures, T a .
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